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Axon guidanceGene–environment interactions mediated at the epigenetic level may provide an initial step in delivering an
appropriate response to environmental changes. 5-Hydroxymethylcytosine (5hmC), a DNA base derived from
5-methylcytosine (5mC), accounts for ~40% of modiﬁed cytosine in the brain and has been implicated in DNA
methylation-related plasticity. To identify the role of 5hmC in gene–environment interactions, we exposed
both young (6-week-old) and aged (18-month-old) mice to both an enriched environment and a standard
environment. Exposure to EE signiﬁcantly improves learning and memory in aged mice and reduces 5hmC
abundance in mouse hippocampus. Furthermore, we mapped the genome-wide distribution of 5hmC and
found that the alteration of 5hmC modiﬁcation occurred mainly at gene bodies. In particular, genes involved in
axon guidance are enriched among the genes with altered 5hmC modiﬁcation. These results together suggest
that environmental enrichment couldmodulate the dynamics of 5hmC in hippocampus, which could potentially
contribute to improved learning and memory in aged animals.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Environmental factors are known to have physiological and behav-
ioral effects on aging and related disease states in mammals (reviewed
in [1]). Prolonged exposure to environmental enrichment (EE), which
includes but is not limited to stimuli such as physical exercise, exposure
to novel objects, and increased social interactions, is found to improve
learning and memory, increase neurogenesis and angiogenesis in the
hippocampus of aged mice [2–5], and potentially slow the progress of
brain aging in rodents [6–8]. In addition to improving health and cogni-
tive function in humans, voluntary physical exercise can also delay the
cognitive deﬁcits associated with aging and related neurodegenerative
disorders, such as Alzheimer's disease (AD) [9,10], mitigate the disease
phenotype of fatal neurodegenerative diseases, such as spinocerebellar
ataxia type 1 (SCA) [11], and induce dynamic changes in promoter
methylation in human skeletal muscle [12].
There is ample evidence that environmental factors, such as physical
exercise, nutrient deﬁciency, pharmacological agents, and pollutants,
change DNA methylation states in a gene/promoter-speciﬁc manner,
while changing the expression of DNA methyl transferases (DNMTs)
[12–16]. These ﬁndings suggest that the epigenetic landscape oficine, St Louis, MO 63103, USA.genomic DNAs is responsive to changes in environmental signals during
the lifetime of organisms. Gene–environment interactions mediated
at the epigenetic level may be an intermediary step to providing an
appropriate response of the gene/tissue/organism to the changes in
the environment.
5mC has generally been viewed as a stable and long-lasting covalent
modiﬁcation to DNA; however, the fact that ten-eleven translocation
(TET) proteins, including TET1, TET2, and TET3, can convert 5mC to 5-
hydroxymethylcytosine (5hmC), a hydroxymethylated form of 5mC,
gives a new perspective on the previously observed plasticity in 5mC-
dependent regulatory processes [17–19]. Furthermore, TET enzymes
are also known to further oxidize 5hmC into 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC), which can be readily repaired by DNA
repair enzymes (see also the review by Hajkova and colleagues, this
issue). 5hmC has been detected in heart and lung tissue, though much
higher levels have been found in the central nervous system [17,20,
21] (see also review by Li and colleagues, this issue). Using a speciﬁc
chemical-labeling method for 5hmC detection, we recently generated
the ﬁrst genome-wide maps of 5hmC in mouse cerebellum and hippo-
campus during development and aging [22]. Our group and others
showed that genomic 5hmC levels are age-speciﬁc, involved in active
DNAdemethylation, andmay be important for on-demand gene regula-
tion [22–26]. Nevertheless, we do not knowwhether 5hmC levels or the
genomic distribution of 5hmC is affected by external signals in the envi-
ronment, including diet, exercise, and social interactions, which are all
components of an enriched environment (EE).
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aged animals exposed to EE is needed to determine the role of 5hmC in
gene–environment interactions. Herewe exposed both young (6-week-
old) and aged (18-month-old) mice to both an enriched environment
and a standard environment, andmapped the dynamics of 5hmC in hip-
pocampus induced by EE.We found that exposure to the EE signiﬁcantly
improves learning and memory in aged mice and reduces 5hmC abun-
dance in mouse hippocampus. Genome-wide proﬁling of 5hmC sug-
gests that the alteration of 5hmC modiﬁcation occurs mainly at gene
bodies, in particular the genes involved in axon guidance. Together
these results suggest that environmental enrichment could modulate
the dynamics of 5hmC in hippocampus, whichmay potentially contrib-
ute to the improved learning and memory in aged animals.2. Results
2.1. Environmental enrichment improves cognitive function in aged mice
To understand the effects of environmental signals on cognitive
function during the aging process, we exposed young and aged mice
to either an enriched environment (EE, as described in Materials and
methods) for 4 weeks, or kept them in their standard cages (Ctrl) com-
monly used for housing (Fig. S1). After EE exposure, mice were tested
in Morris water maze assay (MWM, as described in Materials and
methods) for their cognitive function, speciﬁcally learning andmemory
improvements. MWM analysis revealed that, over time, aged mice ex-
posed to EE (hereafter AE) showed a reduced latency to locate a hidden
platform in the water maze tank (i.e. learning) compared to aged mice
kept in Ctrl (hereafter AC) (Fig. 1A). Furthermore, once the AE mice
learned the location of the platform in a quadrant of the MWM duringFig. 1. Behavioral outcomes of mice subjected to Morris water maze (MWM). (A and C) Latenc
hidden platform); (B andD) the fraction of time spent in the quadrant after the removal of the h
location of the platform after it is removed from theMWM). Learning and spatial memory of m
for six consecutive days. Each point represents the mean ± SEM, n = 10–12 mice per group. Uthe initial training period, they spent signiﬁcantly more time in the
same quadrant even after the removal of the platform compared to AC
mice (Fig. 1B), which points to improved memory retention in AE
mice. It was interesting to observe that EE exposure led to aged mice
performing as well as the youngmice in theMWM (Fig. S2), suggesting
that EE treatment made aged mice appear, at least cognitively, to be-
have more like young mice. As expected, the swim distance of the AE
mice also improved, although their swim speed was not changed
(Fig. S3) compared to AC mice, suggesting that the cognitive improve-
ments are due to EE exposure alone. There were no statistically signiﬁ-
cant differences in learning and memory between young mice exposed
to EE (YE) and young mice kept in Ctrl (YC) (Figs. 1C and D).2.2. Environmental enrichment reduces global 5hmC level in
the hippocampus
Genome-wide distributions of 5hmC inmouse brain tissue (cerebel-
lum and hippocampus) have been mapped previously [24], revealing
age- and tissue-speciﬁc 5-hmC dynamics [25]. To determine the effect
of a prolonged environmental signal on 5hmC, we measured its overall
abundance in genomic DNA isolated from the hippocampus, cortex, and
cerebellum of all mice, using antibodies speciﬁc to 5hmC by dot-blot
analysis. When compared to AC mice, we saw a signiﬁcant reduction
in the total genomic 5hmC signal intensity in AE mice (a 2.5-fold de-
crease, n = 10, P b 0.05, Student's t-test; means ± S.E.M.) (Fig. 2A). A
similar reduction was also observed in young mice (Fig. 2B).
The TET protein family consists of TET1, TET2, and TET3, all of which
can convert 5mC to 5hmC. To determine whether EE could alter the ex-
pression of Tet1, Tet2 or Tet3, we performed quantitative RT-PCR and
did not observe any change of their expressions (data not shown).y to mount platform (in seconds) is used to measure learning (i.e. learning the location of
idden platform, which is used tomeasure the retention of spatial memory (i.e. recalling the
ice exposed to either EE or Ctrl were scored. A four-trial-per-day procedurewas conducted
npaired t-test two-tailed for each time point (day) was used.
Fig. 2. Quantiﬁcation of 5hmC in different brain regions of control or enriched
environment (EE)-treated mice. (A) EE-induced changes in global 5hmC levels in aged
mice is quantiﬁed using 5hmC-speciﬁc dot-blot intensities (bottom panel) of genomic
DNAs isolated from thehippocampus (HIP), cortex (CTX), and cerebellum (CRB). Amounts
of 5hmC are shown as a percentage of total nucleotides in the genome, which are
quantiﬁed from 5hmC-speciﬁc dot-blot intensities normalized to positive controls.
(B) 5hmC-speciﬁc dot-blot intensities of genomic DNA isolated from the hippocampi of
young wild-type (WT) and Tet1 knockout (KO) adult mice exposed to either EE or Ctrl.
(*, P b 0.05, Student's t-test; mean ± S.E.M. for n = 10 for aged mice, n = 5 for young
WT, and n = 3 for young KO mice).
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memory deﬁcits. Given the age-dependent enhancement of learning
and memory caused by an enriched environment, we examined the
change of 5hmC in response to exposure to EE in Tet1 knockout mice
developed previously. We found that Tet1 KO mice showed almost no
change in genomic 5hmC level in the hippocampus after they were
exposed to EE (Fig. 2B). These results together suggest that the exposure
to enriched environment improves memory and learning in aged mice,
while altering global 5hmC levels in hippocampus in a Tet1-dependent
manner.2.3. An enriched environment induces loci-speciﬁc differential 5hmC
modiﬁcations in the hippocampus of aged mice
To identify EE-induced epigenetic changes in the hippocampus, we
examined 5hmC dynamics using a previously developed method,
which consists of selective chemical-labeling of 5hmC and biotin-
based afﬁnity enrichment of 5hmC-containing DNA fragments followed
by deep sequencing [27]. Using this method, we enriched 5hmC-
containing genomic DNAs isolated from the hippocampus of young
and agedmice previously exposed to either EE or Ctrl. Deep sequencing
of libraries generated from these 5-hmC-enriched fragments resulted
in, on average, N17 million unique reads per biological replicate
(Table S1).
Using these reads, we ﬁrst identiﬁed 5hmC-enriched regions or
“peaks” for each biological replicate using the Model-based Analysis of
ChIP-Seq (MACS) algorithm [28]. To increase the coverage of thegenome, MACS-peaks from two biological replicates for each condition
were merged. Using BEDTools [29], we then identiﬁed sets of peaks
that show distinct distributions speciﬁcally associated with EE or
aging inmajor genomic features such as introns, exons, untranslated re-
gions (UTRs), and intergenic regions (Fig. 3A and Table S3). Interesting-
ly EE exposure could induce 5hmC modiﬁcations at the loci that are
normally marked by 5hmC only in young animals, but not in aged ani-
mals (Fig. 3B). Both gain and loss of 5hmC detected by sequencing
could be further conﬁrmed by quantitative PCR (Figs. 3C and D).
For each condition and age group, we extrapolated the fold change
from the expected value for 5hmC distribution based on the genomic
distribution of cytosine in theMus musculus genome (mm9) (Fig. 4A).
It was interesting to observe that AE, YC, and YE animals showed a sim-
ilar magnitude of fold change for any given genomic features compared
to AC animals, complementing the behavioural data where the AE, YC,
and YE animals showed similar cognitive abilities in theMWM test. Fur-
thermore, we compared and overlapped the peaks that are associated
with AC, AE, and YC and found that there are signiﬁcantly more peaks
overlapping between AE and YC. Pearson's Chi-squared test with
Yates' continuity correction indicated that these correlations were sig-
niﬁcant (P values were 7.84e−06 and 0.00245, respectively) (Fig. 4B).
These ﬁndings suggest that 5hmC could be a good epigenetic biomarker
reﬂecting the impact of EE treatment on the epigenome.
2.4. Axon guidance genes are enriched among the genes with 5hmC
alterations induced by EE
To further explore the biological signiﬁcance of these identiﬁed
DhMRs, we used GREAT (Genomic Regions Enrichment of Annotations
Tool) to perform gene ontology (GO) analyses for AE-speciﬁc DhMRs.
Remarkably, several GO biological processes associated with neuronal
function and development in the brain were identiﬁed, particularly
genes involved in axon guidance (adjusted P-value = 1.57e−16).
Furthermore, we performed additional analyses using WebGestalt,
which contains human andmouse protein–protein interactionmodules
and identiﬁes hierarchical modules. Interestingly, the majority of the
genes with altered 5hmC modiﬁcations upon exposure to the EE are
known to interact based on previous works (Fig. 5) (green-ﬁlled dot),
which further points to the potentially important role of axon guidance
genes in response to EE.
3. Discussion
In our study, we show that exposing mice to an enriched environ-
ment forms distinct epigenetic signatures (i.e. altered 5hmC distribu-
tion proﬁles) in the genome of animals that showed measurable
improvements in memory and learning behaviors as consequences of
the exposure. Our ﬁndings are in line with previous studies implicating
a potential role for epigeneticmarks, such asDNAmethylation, in gene–
environment interactions where exposure to prolonged changes in the
environment (i.e. stressors, diet and exercise) leaves epigenetic signa-
tures in the genome with measurable phenotypic outcomes, which in
some cases have lasting transgenerational effects [30–32].
In mammalian genome, there are three ten-eleven translocation
(TET) proteins, including TET1, TET2, and TET3, which can convert
5mC to 5hmC. We found that the exposure to EE did not alter the ex-
pression of any Tet gene. Interestingly we observed that the loss of
Tet1 could abolish the induced 5hmC changes by EE exposure, suggest-
ing that Tet1 plays a signiﬁcant role in regulating 5hmC dynamics
responding to EE exposure. Indeed this is consistent with the ﬁndings
that the loss of Tet1 could lead to learning and memory deﬁcits
[33–35]. It will be interesting to further determine how quickly follow-
ing the EE exposure 5hmC signatures form, what is the duration of the
5hmC signatures once formed, and most importantly, what is the role
of 5hmC in gene expression.
Fig. 3. 5hmC proﬁling of mouse hippocampus. (A) Association of 5hmC-enriched regions with genomic features in the hippocampus under different conditions. (B) An example of the
genomic view of a gene with dynamic 5hmC modiﬁcations (Gpr125) in response to EE in both young and aged animals. (C and D) qPCR validation of 5hmC peaks identiﬁed through
sequencing. Panel C shows the loci that display increased 5hmC while panel D shows the loci that have reduced 5hmC modiﬁcation upon EE exposure.
379H. Irier et al. / Genomics 104 (2014) 376–382We exposedmice to EE for fourweeks in order to detectmeasurable
changes inmemory and learning abilities inmice. However, the onset of
the formation of 5hmC signatures and their stability in the mouse hip-
pocampus remain to be determined; this could reveal the epigenetic
plasticity of the genome in response to persistent signals in the environ-
ment. In our study, EE exposure improvedmemory and learning behav-
iors to the levels of young mice regardless of the EE exposure, which
was also reﬂected in the 5hmC signatures. This observation raises the
question of whether the epigenome of aged mice is more responsiveFig. 4.Distribution of 5hmC peaks that are unique to age or EE treatment. Data sets are depicted
major genomic features (e.g. exons and introns) compared to the expected distribution of cytosi
peak comparisons between YC andAC, AE andAC, and AE and YC (sharedpeaks in brackets). Nu
the number of unique peaks in AEwhen compared to AC). The bold-faced number in square bra
to indicate the distinctions between the two separate comparisons made using AC total peak cthan that of young mice. We identiﬁed an age-dependent decrease in
global 5hmC levels in the mouse brain, in contrast to other studies
where an increase of 5hmC was detected in the hippocampus of mice
with aging [36,37]. Notably, these studies used different detection
methods and age groups to identify 5hmC levels. It is also possible
that variations in rearing conditions between the laboratory housing fa-
cilities could have contributed to the differences. Our results in this
study support the hypothesis that changes in the environment impact
the epigenetic landscape in an age- and signal-dependent manner.as YC, YE, AC, and AE. (A) Shown are the fold changes in the distribution of 5hmCDhMR in
nes in the same genomic regions in themm9 genome. (B) This diagram summarizes 5hmC
mbers in curved parentheses indicate unique peaks for any given comparison (e.g. 39949 is
ckets indicates the shared peaks between AE-Unique and YC-Unique. Superscripts are used
ounts.
Fig. 5. Axon guidance genes are enriched among genes with 5hmC alterations induced by EE. The genes with altered 5hmC in response to EE in hippocampus were analyzed by gene
ontology. The identiﬁed axon guidance-related geneswere further analyzed usingWebGestalt, inwhich the genes with altered 5hmC are presented as solid green dots. The geneswithout
altered 5hmC modiﬁcations are yellow dots.
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4.1. Rearing mice in an enriched environment
Rearing mice in an enriched environment was performed as de-
scribed previously [38]. All mice were moved to a clean cage (either a
standard or enriched chamber) during the “exposure” stage of the ex-
periment. The same individual handled all mice during the exposures
to be consistent. Brieﬂy, mice (C57B/6) were randomly assigned to
the enriched or the standard environmental condition (Fig. S1) and
evaluated in four different groups: i) control young mice (n = 14,
6-week-old), ii) enriched young mice (n = 14, 6-week-old), iii) con-
trol aged-mice (n= 10, 18-months-old), and iv) enriched aged-mice
(n = 10, 18-months-old). For enriched environment sessions (EES),
large Rubbermaid clear plastic containers (56.5 cm long × 41.5 cm
wide × 22 cm high) were used as enriched environment chambers
(EE chambers). For enrichment purposes, the container included a
plastic running wheel and an assortment of differently colored and
textured plastic toys (balls, tubes, boxes) that were changed every
3 days. To allow proper air circulation, 70–80 small holes (3 mm in
diameter) were drilled in the cover and the upper sides where
mice were not able to reach. During each EES, the EE chambers
contained corncob bedding, food (5–10 pellets of standard rodent
diet), and water (in a medium-sized petri dish). Between each EES,
the EE chambers and the enrichment apparatus were cleaned with
soap and water and disinfected with Virkon-S solution and 70%ethanol. For 4 weeks, mice (groups of 4 from the same cage) were
exposed to an enriched environment every day for 3 h in the same
room during the 12-hour light period (lights on 0700–1900 h), and
then returned to their original cages for the remaining 21 h in a
temperature-controlled room (22 °C). During initial days of EES,
the mice were closely monitored for aggressive behaviors, and ﬁght-
ing pairs were separated into different EE cages. Control mice were
never exposed to enrichment chambers or the stimulus objects. At
the end of the 4 weeks of enrichment sessions, any alterations in
hippocampus-dependent spatial memory of mice (both EE and
Ctrl) were measured using water maze behavioral testing. Tet1
knockout mice were described previously and obtained from The
Jackson Laboratory [39].
4.2. Quantiﬁcation of changes inmemory and learning behavior in mice via
Morris water maze
Morris water maze (MWM) was performed as previously described
[40] with the following modiﬁcations. MWM training took place in a
round, water-ﬁlled tub (52 in. diameter) in an environment rich with
extra maze cues. Mice were placed in the water maze with their paws
touching the wall from 4 different starting positions (N, S, E, W) in
water that began at 25 °C and typically declined to 22 °C by the time a
whole group of mice were tested. At the end of each day of testing,
water was drained, and the tankwas cleanedwith quatracide. An invis-
ible escape platformwas located in the same spatial location 1 cmbelow
381H. Irier et al. / Genomics 104 (2014) 376–382the water surface independent of a subject's start position on a particu-
lar trial. In this way subjects would be able to use extra maze cues to
determine the platform's location. Each subject was given 4 trials/day
for 6 days with a 15-min inter-trial interval. The maximum trial length
was 60 s, and if subjects did not reach the platform in the allotted
time, theyweremanually guided to it. Upon reaching the platform, sub-
jects were left on it for an additional 5 s to allow for survey of the spatial
cues in the environment to guide future navigation. After each trial, sub-
jects were dried and kept in a dry plastic holding cage ﬁlled with paper
towels to allow them to dry off. The holding cage was placed half-on,
half-off a heating pad. Animals on the heating pad were not left unat-
tended. Following the 6 days of task acquisition, a probe trial was pre-
sented, during which time the platform was removed and the amount
of time swam in the quadrant that previously contained the escape plat-
form during task acquisition was measured over 60 s. All trials were
videotaped and analyzed by means of MazeScan (Clever Sys, Inc.).4.3. Genomic DNA isolation and dot blot analyses
Tissue dissection and DNA isolation from young and aged mice
(mice (C57B/6)) were performed as previously described [22]. To per-
form dot blot and deep sequencing, genomic DNA samples were soni-
cated into 100–500 bp by Misonix sonicator 3000. We performed the
dot blot analysis of the genomic DNA using a Bio-Dot Apparatus
(#170-6545, BIO-RAD) as previously described [22].4.4. 5hmC-speciﬁc chemical labeling, afﬁnity puriﬁcation and sequencing
5hmC enrichment was performed using a previously described
procedure with an improved selective chemical labeling method [22].
DNA libraries were generated following the Illumina protocol for
“Preparing Samples for ChIP Sequencing of DNA” (Part# 111257047
Rev. A) using 25–50 ng of input genomic DNA or 5hmC-captured DNA
to initiate the protocol.4.5. Sequence alignment, binning, and peak identiﬁcation
Processing of sequencing data was performed as previously de-
scribed [22]. Brieﬂy, FASTQ sequence ﬁles from biological replicates
were concatenated and aligned to the M. musculus reference genome
(NCBI37v1/mm9) using Bowtie 0.12.6, keeping only unique non-
duplicate genomic matches with no more than 2 mismatches within
the ﬁrst 25 bp. Unique, non-duplicate reads from non-enriched input
genomic DNA of hippocampus and each 5hmC-enriched sequence set
were counted in 100-, 1000-, and 10,000-bp bins genome-wide and
subsequently normalized to the total number of non-duplicate reads
in millions. Input-normalized values were then subtracted from
5hmC-enriched values per bin to generate normalized 5hmC signals.
We determined chromosome-wide densities as reads per chromosome
divided by the total number of reads in millions. Expected values were
determined by dividing the total NCBI37v1/mm9 length by 106, and
then by multiplying with chromosome length. For chromosomes X
and Y in the male samples, the expected values were divided by 2. For
comparison between autosomes and ChrX, chromosome-wide 5-hmC
read densities were divided by input read densities to assess 5hmC
enrichment.4.6. Identiﬁcation of differentially hydroxymethylated regions (DhMR)
To determine genomic regions that present altered 5hmC proﬁles
due to EE treatment (EE-DhmRs), we ﬁrst identiﬁed true 5hmC-
enriched regions or “peaks” using Model-based Analysis of ChIP-
Seq (MACS) algorithm [26].4.7. Peak validation of 5-hmC-enriched regions by Q-PCR
Input genomic DNA and 5hmC-enriched DNA were diluted to
100 pg/μL, and 1 μL was used in triplicate 20-uL qPCR reactions, each
with 1× PowerSYBR Green PCR Master Mix (ABI), 0.5 μM forward and
reverse primers, and water. Reactions were run on an SDS 7500 Fast
Instrument using standard cycling conditions. Primers are listed in
Table S2. Fold enrichment was calculated as 2^−dCt, where dCt = Ct
(5-hmC-enriched)− Ct (Input).
Accession number
Sequencingdata have beendeposited toGEOwith accession number
GSE61194.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2014.08.019.
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